NIDDM is characterized by progressive insulin resistance and the failure of insulin-producing pancreatic β cells to compensate for this resistance. Hyperinsulinemia, inflammation, and prolonged activation of the insulin receptor (INSR) have been shown to induce insulin resistance by decreasing INSR substrate (IRS) protein levels. Here we describe a role for SOCS7 in regulating insulin signaling. Socs7-deficient mice exhibited lower glucose levels and prolonged hypoglycemia during an insulin tolerance test and increased glucose clearance in a glucose tolerance test. Six-month-old Socs7-deficient mice exhibited increased growth of pancreatic islets with mildly increased fasting insulin levels and hypoglycemia. These defects correlated with increased IRS protein levels and enhanced insulin action in cells lacking SOCS7. Additionally, SOCS7 associated with the INSR and IRS1 -molecules that are essential for normal regulation of insulin action. These data suggest that SOCS7 is a potent regulator of glucose homeostasis and insulin signaling.
Introduction
Insulin is the primary hormone that regulates glucose uptake in mammals. Resistance to insulin, as characterized by systemic diminution in insulin action, can occur spontaneously with age, obesity, or inflammation and is a fundamental component of NIDDM. Despite intensive study, the molecular mechanism underlying spontaneous insulin resistance is currently unknown.
The binding of insulin to the insulin receptor (INSR) induces its intrinsic tyrosine kinase activity, which results in the recruitment and phosphorylation of multiple substrates. Among these are the INSR substrate (IRS) proteins. Individual mutation of the Irs-encoding genes in mice has shown that each of these proteins has a unique role in insulin signaling. The IRS proteins are subject to several modes of negative regulation, presumably to ensure that INSR signaling is tightly controlled. For example, IRS protein stability is diminished in response to chronic cellular stimulation with insulin. This decrease is mediated by proteins that interact with IRS and initiate ubiquitin-mediated proteasomal degradation of IRS molecules (1) (2) (3) (4) (5) (6) (7) (8) . In addition, exposure of cells to lipopolysaccharide or the inflammatory cytokine TNF-α induces serine/threonine phosphorylation of IRS1, which results in decreased affinity for the INSR that correlates with reduced insulin signaling (9) (10) (11) (12) . Thus, inflammatory or chronic stimulation can provoke cellular insulin resistance via effects on IRS protein function (1) (2) (3) 5) .
SOCS proteins are known to act as negative regulators of cytokine action via inhibition of JAK/STAT signaling (13) . Recently, SOCS proteins have also been implicated in the negative regulation of insulin signaling (14, 15) . The SOCS family consists of 8 proteins (cytokine-inducible SH2-containing protein [CIS] and SOCS1-SOCS7). Each protein contains a unique aminoterminal domain of variable length, a central phosphotyrosine-binding SH2 domain, and a carboxyterminal SOCS box. Three mechanisms of SOCS action on JAK/STAT signaling have thus far been identified. SOCS proteins either directly bind to and inactivate tyrosine kinases, bind to cytokine receptors and occupy docking sites otherwise available for signal transduction mediators such as STATs and SHP2, or function as adapters by forming a complex with elongins B/C and facilitating the ubiquitination of signaling proteins and their subsequent proteasomal degradation (16) . Among the SOCS proteins, SOCS7 is unique in that it contains 4 polyproline regions that may allow association with SH3 domain-containing proteins. SOCS7 interacting molecules have been identified in 2 independent screens utilizing the yeast 2-hybrid and coimmunoprecipitation assays. In these experiments, association was established with the signaling molecules Grb-2 and Stat-3; the tyrosine kinases Egfr, Lck, and Hck; the lipase PLC-γ; and the multiple SH3 domain-containing protein Vinexin. Both studies found interactions with the adaptor molecule Nck (17, 18) . In addition, a glutathione-S-transferase-fusion protein of the SOCS7 SH2 domain was found by mass spectrometry to associate with IRS4 and p85, the regulatory subunit of PI3K (19) . As a majority of these proteins act in the insulin-signaling pathway, these data suggest an interaction between SOCS7 and the insulin-signaling cascade.
There is a growing body of evidence supporting a role for the SOCS proteins in insulin signaling. Socs genes are induced by insulin treatment in a number of tissues and cell lines (18, (20) (21) (22) . SOCS1 and SOCS3 interact with INSR, IRS1, and IRS2 (6, 21, (23) (24) (25) , and forced expression of either SOCS protein in the liver induces insulin resistance. In cultured cells, overexpression of SOCS1 or SOCS3 has multiple effects, including reduced IRS protein levels, decreased Akt/PKB phosphorylation, reduced IRS-associated p85 PI3K levels, and decreased PI3K activity (6, 21, 22, 25, 26) . In cells treated with antisense knockdown vectors for Socs1 and Socs3 or in Socs3 -/-adipocytes, TNF-α fails to generate insulin resistance. In vitro studies suggest that SOCS1 causes insulin resistance, and the reported hypoglycemia in Socs1 -/-mice appears to confirm these data. However, these results may be con-founded by the fact that Socs1 -/-mice suffer from severe cachexia and premature death due to dysregulated IFN-γ expression. More significantly, Socs1 -/-mouse embryonic fibroblast (MEF) cells exhibit increased adipocyte differentiation, which is a measure of sensitivity to insulin (23) . Conversely, enforced adenoviral-driven Socs1 expression in mouse liver leads to hyperglycemia, hyperinsulinemia, and resistance to insulin injections, with dramatic reductions in hepatic IRS1 and IRS2 levels (6) .
Until very recently most studies have focused on the actions of CIS, SOCS1, SOCS2 and SOCS3; little has been known about the function of other SOCS proteins. It now appears that these relatively obscure proteins are the evolutionary predecessors to the SOCS family. The sequencing of the Drosophila genome revealed 3 Socs genes, 1 homologous to Socs4 and Socs5 and 2 homologous to Socs6 and Socs7. The single Socs gene identified in the Caenorhabditis elegans genome sequence is similar to Socs6 and Socs7. This finding supports a conserved function for these proteins in animal biology, possibly beyond JAK/STAT signaling (16, 27) . Examination of the murine SOCS6 and SOCS7 proteins has shown specific binding affinity for IRS4 and p85 PI3K and interaction of SOCS7 with IRS2 (19) , which suggests that they may affect insulin-signaling molecules. Several pieces of evidence suggest that SOCS6 regulates insulin action; however, the nature of this effect is uncertain. SOCS6 associates with the INSR and inhibits signal transduction when ectopically expressed in rat hepatoma cells (24) . However, mice deficient in Socs6 do not exhibit any obvious defects in glucose homeostasis (19) . It was therefore somewhat unexpected that global overexpression of Socs6 in transgenic mice caused increased glucose tolerance and insulin signaling through decreased p85 PI3K levels (28) .
SOCS7 protein shares greater than 50% identity with SOCS6 in both the SH2 domain and the SOCS box. Thus, the function of SOCS7 may overlap with that of SOCS6 sufficiently so that SOCS7 is able to compensate for SOCS6 deficiency. To clarify the physiological role of SOCS7 in vivo, we generated mice with a targeted disruption of the Socs7 gene. Our data demonstrate that mice deficient for the Socs7 gene show increased sensitivity to insulin via a mechanism that may involve increased accumulation and activity of IRS1.
Results

Expression of Socs7 is upregulated by insulin.
To determine the expression pattern of Socs7, mRNA levels in tissues from 3-7 female C57BL/6J (C57BL) and 129S6/SvEvTac mice (129S6) were quantified using a quantitative real-time PCR (Q-PCR) assay. In C57BL mice, Socs7 is expressed at the highest levels in isolated pancreatic islets, whole brain, and skeletal muscle, while lower levels are observed in liver, whole pancreas, perigonadal fat, skin, and spleen relative to levels of hypoxanthine guanine phosphoribosyl transferase (Hprt) mRNA ( Figure 1A) . A similar Socs7 expression pattern is seen in 129S6 mice, with notable differences in whole brain (decreased 5-fold), spleen (increased 6-fold), and isolated pancreatic islets (decreased 2,000-fold). To validate our Q-PCR data, a 129S6 murine multiple-tissue Northern blot was probed with a Socs7 cDNA. As shown in Figure 1B , Socs7 is expressed at high levels in skeletal muscle, brain, kidney, and testis and at low levels in other tissues. The larger transcript corresponds to the predicted size of the mRNA encoding Socs7 and is consistent with our Q-PCR data and a recently reported Northern blot (29) . The small hybridizing mRNA (which predominates in the testis) is of unclear significance but is consistent with a previously reported tissue distribution of Socs7 using polyA RNA (19) . The expression pattern of Socs7 is dramatically different from that reported for Socs6, which, although more widely expressed, is found only at low levels in muscle and brain (19) .
If SOCS7 were to act in a classical negative-feedback loop on insulin signaling, Socs7 message would be induced following insulin stimulation. We therefore examined the transcriptional response of Socs7 1 hour after a physiological dose (0.75 U/kg) of insulin in C57BL and 129S6 mice. Induction of Socs7 mRNA levels differed between the 2 strains. In muscle, the primary site of insulin-stimulated glucose utilization in mammals, Socs7 mRNA levels increased more than 4-fold in C57BL mice but decreased by a third in 129S6 muscle. An inverse pattern is observed in mRNA from whole brain, with a 2.5-fold induction in 129S6 and a reduction by half in C57BL mice. In addition, Socs7 message was induced 2-fold in liver from 129S6 mice but was unchanged in C57BL mice. We observed no significant transcriptional change in pancreas, fat, or spleen from either strain ( Figure 1C ). This result demonstrates that Socs7 expression is also rapidly regulated by insulin action in tissues that are important for regulation of glucose and insulin secretion in a strain-dependent manner. Previously, insulin was reported to regulate expression of other Socs genes in myoblasts, myotubes, and adipocytes (21, 25, 26, 30) . These data suggest that SOCS proteins are variably regulated both in quantity and tissue distribution and may play complementary roles in regulation of insulin signaling.
SOCS7 interacts with multiple components of the insulin-signaling pathway. To help define the molecular mechanism by which SOCS7 participates in insulin signaling, we examined the interactions of SOCS7 with proximal mediators of insulin signaling in transfected HEK293 cells. cDNAs for Insr or Irs1 were expressed individually or were coexpressed with epitope-tagged Socs7. Lysates from these cells were subjected to immunoprecipitations performed with antibodies recognizing INSR or IRS1 ( Figure 1D ). SOCS7 coimmunoprecipitates when coexpressed with IRS1. In addition, SOCS7 coimmunoprecipitates with overexpressed INSR; however, SOCS7 is also capable of coimmunoprecipitating with the endogenous INSR. IRS1 and INSR both failed to coimmunoprecipitate with a control protein, Xpress epitope-tagged LacZ (data not shown). Although some proteins interact with IRS1 in a phosphorylation-dependent manner, this was not the case for SOCS7. Phosphatase treatment did not abrogate the interaction of SOCS7 with IRS1 (data not shown). These results raise the possibility that SOCS7 may interact with IRS1 in a manner only partially dependent on phosphorylation and may play a role in regulating activation or stability of the INSR or IRS proteins under basal and activated conditions.
Generation of Socs7-deficient mice reveals strain-dependent perinatal lethality. To investigate the in vivo function of Socs7, gene targeting was performed to generate Socs7-deficient mice (Figure 2A and Methods). Socs7 +/-mice were intercrossed, and genotypes were determined by PCR ( Figure 2C ) and confirmed by Southern blot ( Figure 2B ). Functional disruption of the Socs7 gene was confirmed by Northern blot analysis of mRNA from liver, skeletal muscle, and testis. Although expression of the full-length Socs7 transcript is abrogated in liver and skeletal muscle, low levels of Socs7 expression persist in the testis. Additionally, the testis-specific isoform of Socs7 was not deleted in the targeted mice. This implies that the smaller transcript is not the product of exons 3-6 deleted in the targeted mice ( Figure 2D ). Socs7 +/-mice were initially obtained in a mixed 129S6 × C57BL genetic background and were subsequently backcrossed 7 generations into C57BL/6J. Regardless of genetic background, Socs7 -/-mice were born at the predicted Mendelian frequency (n = 258; Socs7 +/+ , 22%; Socs7 +/-, 53%; Socs7 -/-, 25%). Mixed background Socs7 -/-mice were identical in length, weight, and body composition to wild-type littermates at up to 6 months of age (data not shown). However, Socs7 -/-mice on the C57BL background displayed multiple defects at an early age. More than half of all C57BL Socs7 -/-mice had severe hydrocephalus and growth retardation concomitant with hypoglycemia that resulted in perinatal lethality (29) (Figure 2E and data not shown). Because of these defects, subsequent analysis was performed using mice on the mixed background. Thus, Socs7 deficiency causes a dramatic phenotype that is strongly influenced by genetic background.
Altered glucose homeostasis in Socs7-deficient mice. IRS proteins are essential mediators of insulin action. The interaction of SOCS7 with these proteins suggested that mice deficient in Socs7 might have altered glucose homeostasis. To evaluate this possibility, blood glucose and plasma insulin concentrations of overnightfasted Socs7 -/-and wild-type mice were determined. No differences were observed in mice aged 6-8 weeks. However, evaluation of mice between 5 and 8 months of age showed that wild-type mice developed mild hyperglycemia while, in contrast, glucose levels of the older Socs7 -/-mice remained normal ( Figure 3A and data not shown). On the other hand, insulin levels of wild-type mice were similar to those of young mice, but older Socs7 -/-mice developed a small but significant hyperinsulinemia. These results may be indicative of a subtle alteration in glucose homeostasis.
To further analyze glucose tolerance and insulin sensitivity, mice were subjected to glucose tolerance tests (GTTs) and insulin tolerance tests (ITTs). Following intraperitoneal glucose administration, 2-to 8-month-old Socs7 -/-mice cleared glucose more rapidly than control animals and thus exhibited improved glucose tolerance ( Figure 3B , upper panels). These results could not be explained by differences in insulin release following the glucose challenge (data not shown). Another possible basis for the improved glucose tolerance of the Socs7 -/-mice is an increased sensitivity of target organs to insulin. To test this hypothesis, ITTs were performed. Consistent with the GTT results, Socs7 -/-mice exhibited increased insulin sensitivity compared with wild-type mice ( Figure 3B , lower panels). Notably, following insulin administration, blood glucose levels in the Socs7 -/-mice dropped to levels lower than those of wild-type littermate controls. Furthermore, unlike glucose levels in wild-type mice, those in Socs7 -/-did not return to basal levels for up to 2 hours after administration
Figure 1
Socs7 expression patterns, induction, and protein associations. (A) Socs7 mRNA expression was determined by Q-PCR in 129S6 and C57BL mice fed a standard 10% fat diet ad libitum. Values are normalized relative to Hprt mRNA and plotted on a log scale. In addition to whole mouse tissues, collagenase-purified islets were also examined. Results are representative of 3 to 7 mice; error bars indicate ± SEM. *P < 0.05 between genotypes (1-tailed Student's t test). 129S6 and C57BL/6 are indicated by light gray and dark gray bars, respectively. (B) A murine 129S6 multiple-tissue Northern blot was generated and probed with Socs7 full-length cDNA. Two bands were observed, the full-length transcript and a smaller, testis-specific (t.s.) isoform. The blot was stripped and reprobed with a Gapdh cDNA fragment as a loading control. Sk., skeletal. of insulin. One possible explanation for this result is a defective counterregulatory response to hypoglycemia, such as decreased glucagon secretion. To evaluate this possibility, we examined glucagon levels after insulin administration and found that Socs7 -/-mice had the same glucagon levels as wild-type mice (data not shown). Thus, systemic insulin-induced hypoglycemia does not appear to be caused by altered glucagon secretion; instead, it appears to reflect heightened sensitivity to insulin.
Pancreatic islets in Socs7 -/-mice become progressively enlarged. Sensitivity to insulin and adequate insulin secretion are essential for normal glucose homeostasis. Socs7 -/-mice exhibited reduced glycemia during a GTT, suggesting an exaggerated insulin response to the glycemic load. To explore this possibility, we evaluated islets and insulin content of 5-to 8-monthold mice. Fixed and embedded sections from the pancreata of wild-type and Socs7 -/-mice were stained with anti-insulin or antiglucagon antisera. Analysis revealed islet number to be increased 1.8-fold in Socs7 -/-animals. The mean and median islet sizes in organs from Socs7 -/-mice were increased 1.9-fold and 1.7-fold, respectively, relative to those in littermate controls. However, the most striking difference was a 5-fold increase in the percentage of large islets (> 750,000 µm 3 ; Figure 3C ). The same evaluation was performed in mice at 3 weeks of age; although islet number was modestly increased in Socs7 -/-mice in this group, there was no significant difference in islet size, proliferation, or apoptosis as measured by BrdU incorporation or staining for cleaved caspase-3 (data not shown). These data suggest that SOCS7 has an important role in the regulation of islet mass in adult mice. Furthermore, most instances of islet hyperplasia are associated with insulin resistance. Paradoxically, in the case of Socs7 deficiency, we observed increased islet size in mice that are more sensitive to insulin.
Altered IRS activation in Socs7-deficient skeletal muscle. Skeletal muscle is the site of the greatest insulin-induced glucose uptake. It is also the whole tissue with highest expression of Socs7 mRNA. To investigate mechanisms responsible for the increased insulin sensitivity of Socs7 -/-mice observed in response to an ITT, tyrosine phosphorylation of INSR and IRS1 proteins were examined in skeletal muscle after bolus insulin injection into the inferior vena cava. Tyrosine phosphorylation of immunoprecipitated IRS1, IRS2, and INSR was not increased following insulin stimulation, nor were the levels of phosphoserine Akt altered relative to those of wild-type controls ( Figure 4A and data not shown). However, an electrophoretic mobility shift for IRS1 consistent with a covalent posttranslational modification was noted under both resting and insulin-stimulated conditions in Socs7 -/-muscle. Although the nature of this modification has not been determined, several possible posttranslational modifications to IRS have been reported, including serine/threonine phosphorylation, glycosylation, and ubiquitination. These data, along with the GTT and ITT experiments, suggest that the response of Socs7-deficient mice to insulin is enhanced -possibly through the regulation of IRS1.
Protein degradation of IRS1 by SOCS7 in vitro. Multiple studies have proposed a molecular mechanism of insulin resistance due to increased proteasomal degradation of IRS1 or IRS2 in response to cytokines or insulin (1-3, 5, 6, 9). As SOCS proteins are implicated in targeting proteins for ubiquitination and proteasomal degradation, we hypothesized that SOCS7 may regulate IRS1 protein stability. To examine the effects of SOCS7 activity, we constructed 3 SOCS7 mutants ( Figure 4B ). These proteins lacked the N-terminal polyproline domains (∆N), the C-terminal SOCS box (∆SB), or a point mutation in the phosphotyrosine-binding site of the SH2 domain (R→K). When an Irs1 cDNA was transfected into HEK293 cells either alone or with a cDNA for ubiquitin, robust protein expression was detected ( Figure 4C, lanes 2 and 4) . However, addition of wild-type or an N-terminal deletion (∆N) of SOCS7 resulted in dramatic reduction of IRS1 protein levels ( Figure 4C , lanes 6 and 7, respectively). IRS1 protein levels were no longer reduced when cotransfected with a SOCS7 protein without the SOCS box (∆SB), a domain implicated in ubiquitin conjugation ( Figure 4C , lane 8). Similarly, SOCS7 containing a point mutation in the phosphotyrosine-binding site of the SH2 domain (R→K) failed to reduce IRS1 protein levels ( Figure 4C, lane 9) . The SOCS box is an approximately 40-amino acid region postulated to recruit the elongin B/C ubiquitin ligase machinery. The SH2 domain of SOCS proteins determines phosphotyrosine binding specificity and thereby targets phosphorylated proteins for ubiquitination. The failure of the SH2 domain and SOCS box mutants to reduce IRS1 protein levels suggests that wild-type SOCS7 may decrease the protein stability of IRS1 by ubiquitination.
IRS1 ubiquitination was examined to investigate the mechanism of reduced IRS1 protein levels when cotransfected with wild-type but not ∆SB SOCS7. If IRS1 is being targeted for proteasomal degradation by wild-type SOCS7, inhibiting the proteasome should result in an accumulation of ubiquitinated IRS1. Without the proteasome inhibitor MG132, IRS1 ubiquitination was almost undetectable ( Figure 4D ). However, after MG132 treatment, a baseline amount of ubiquitinated IRS1 was observed in cells without exogenous SOCS7. The amount of ubiquitinated IRS1 was enhanced in cells cotransfected with wild-type but not with ∆SB SOCS7. These results suggest that the diminished IRS1 protein levels observed in Figure 4C are the result of ubiquitination and proteasome-mediated degradation caused by SOCS7.
Enhanced insulin signaling and insulin-mediated adipogenesis in Socs7 -/-fibroblasts. As SOCS7 is capable of reducing IRS1 protein levels in vitro and Socs7 -/-mice demonstrate increased insulin sensitivity, we hypothesized that Socs7 -/-mice might have lower rates of protein turnover and thus higher steady-state levels of IRS proteins. Therefore, IRS1 protein levels were examined in Socs7 -/-cells following prolonged stimulation with IGF-1. Six hours after exposure to IGF-1, IRS1 protein levels were increased in Socs7 -/-MEF cells compared with cells derived from Socs7 +/+ mice ( Figure 5A, lanes 5 and 6) . The diminished protein levels in wild-type cells were blocked using lactacystin, a proteasome inhibitor ( Figure 5A, lanes 7 and 8) . The increased levels of IRS1 in Socs7-deficient cells suggest that Socs7 is required for stimulation-dependent protein degradation.
Adipocyte differentiation in vitro is an insulin-dependent process. Disruption of essential insulin-signaling molecules such as Insr, Irs1, Akt1/2, and constitutively active Foxo1 has been shown to reduce adipogenesis (31) (32) (33) . Inversely, disruption of Socs1 (an inhibitor of insulin action), exogenous expression of the PI3K substrate (Akt1), or a dominant-negative insulindependent transcription factor (Foxo1) all result in increased adipocyte formation (23, 33, 34) . To address whether insulin signaling was altered in Socs7 -/-fibroblasts, we examined the ability of insulin to induce the differentiation of these cells into adipocytes. Cells from wild-type, Socs1-, Socs3-, and Socs7-deficient embryos were allowed to differentiate for 14 days and either harvested for RNA or stained with the lipid-soluble dye, oil red O. Both Socs7 -/-and Socs1 -/-MEF cells showed increased adipocyte differentiation as determined by oil red O staining, but this was more dramatic in Socs7 -/-MEF cells ( Figure 5B ). These data were confirmed with Q-PCR analysis of the adipose differentiationinduced genes Pparg and Glut4. Differentiation of 3T3-L1 preadipocytes sharply increased expression of these genes. Consistent with this result is the elevated expression of Pparg and Glut4 in Figure 5C and data not shown). Results are representative of 3 to 5 different clonal isolates of MEF cells. As the differentiation protocol required a prolonged insulin treatment and we have demonstrated that Socs7 -/-cells are resistant to insulin-induced IRS1 degradation (Figure 5A ), the enhanced adipogenesis may be due to enhanced insulin action. Furthermore, these data support an important role for Socs7 in regulation of insulin-dependent adipogenesis.
Socs7 -/-MEF cells (
Discussion
Socs7 mRNA is highly expressed in organs that are essential for regulation of glucose homeostasis, and it is regulated by insulin in these tissues. SOCS7 protein associates with the proximal signaling molecules in the INSR pathway, and mice or cells lacking this protein display physiological signs of heightened sensitivity to insulin. Thus, SOCS7 appears to have an important role in the regulation of INSR signaling. SOCS7 is evolutionarily conserved. The SOCS6/SOCS7 precursor found in C. elegans is the evolutionary precursor to the mammalian SOCS family (27) . Although the C. elegans SOCS protein lacks the N-terminal domain unique to other SOCS proteins, our data utilizing the human SOCS7 ∆N mutant demonstrates that this region may be dispensable. We hypothesize that manipulation of SOCS7 in model organisms such as C. elegans, Drosophila, and zebrafish will help to fully define roles in development, glucose regulation, and signaling. In addition, human and murine SOCS7 proteins share greater than 95% sequence identity. In our assays, we determined that overexpression of SOCS7 can cause decreased protein levels of IRS1, which is commonly found in human obesity and type 2 diabetes (35, 36) . It will therefore be of great interest to determine whether SOCS7 is abnormally regulated in patients with obesity or type 2 diabetes.
Defining the specificity of SOCS proteins requires multiple approaches. Much of the literature describing regulation of insulin signaling by SOCS molecules relies on exogenous gene expression to determine potential function. While these studies have been crucial to furthering our understanding of SOCS protein function, there are examples in which high-level SOCS protein expression, which is normally tightly controlled, causes effects on proteins or signaling that are not bona fide physiological targets. Accordingly, in vivo models have proven an indispensable complement to these studies. Both transgenic overexpression and gene ablation studies have helped in discriminating which pathways are regulated by SOCS proteins. However, even in vivo studies have their limitations and have generated seemingly intractable discrepancies. Transgenic overexpression of CIS strongly suggests a role for this protein in the inhibition of STAT5A/B, as the phenotype of deficient lactation and reduced IL-2, IL-3, and EPO responses resembles that of STAT5-deficient mice. However, CIS-deficient mice exhibit no detectable abnormalities (reviewed in ref. 37) . A similar paradigm exists for the role of SOCS6 in the regulation of insulin signaling. Global overexpression of Socs6 causes increased insulin sensitivity and glucose tolerance (28) . This phenotype is similar to that of p85 PI3K heterozygous mice, implicating p85 PI3K as a regulatory target of SOCS6 (38) . Yet Socs6 -/-mice exhibit only mild growth retardation and normal responses to glucose and insulin (19) . Therefore, in the study of SOCS molecules, the knockout approach has consistently been the most stringent assay of gene function.
Strain-dependent phenotypes in Socs7 -/-mice. Approximately half of Socs7 -/-mice on a C57BL genetic background exhibit hydrocephalus, growth retardation, and hypoglycemia associated with death within several weeks of birth. Krebs et al. describe a similar phenotype in independently generated Socs7-deficient mice on a pure C57BL strain (29) . Their detailed histological analysis revealed developmental defects in the subcommissural organ, which may result in hydrocephalus.
While further experiments are required to determine the cause of the developmental defects in the subcommissural organ, it is possible that this phenotype is caused by dysregulated insulin and Igf-1 signaling. One report describes a correlation between idiopathic perinatal hyperinsulinemia and hydrocephalus in humans (39) . In mice, transgenic overexpression of Igf-binding protein-1 also results in severe hydrocephalus (40) . Furthermore, Igf receptor-1/Insr doubleknockout mice exhibited generalized subcutaneous edema (41) . The absence of the hydrocephalus phenotype in half the C57BL mice and all the mixed background mice suggest that unknown modifiers of Socs7 exist to limit the penetrance of the hydrocephalus. These modifiers may be identifiable via genetic approaches.
In this study, we demonstrate significant differences in Socs7 mRNA expression levels between wild-type 129S6 and C57BL mice in several tissues, with the greatest expression disparity being observed in isolated islets of Langerhans. These 2 inbred strains of laboratory mice differ in their susceptibility to obesity, insulin resistance, and diabetes (42, 43) . The genetic basis for these differences has been studied in genome-wide linkage scans. In one such study, the locus corresponding to the Socs7 gene, distal murine chromosome 11, was assigned a logarithm of the odds of linkage (LOD) score of 3.0 for hyperinsulinemia resulting from 6 weeks on a high-fat diet (44) . As this is a gene-rich area of the chromosome, these results do not necessarily exclude other genes from contributing to this phenotype. We find it suggests, however, that the lower levels of Socs7 in the islets of 129S6 mice might contribute to improved insulin signaling and sensitivity.
Regulation of islet mass in genetic studies of insulin-signaling molecules. We have demonstrated that pancreatic islets from wild-type C57BL mice express high levels of Socs7 mRNA. Socs7 -/-mice are born with normal islet mass but develop islet hyperplasia with age despite exhibition of insulin sensitivity and the absence of hyperglycemia. Furthermore, our results raise several important questions and suggest a role for SOCS7 in the regulation of pancreatic islets and β cell homeostasis. Typically, increased islet mass is associated with compensatory growth in insulin-resistant states. This compensatory growth has been shown to be dependent on expression of insulinsignaling molecules. Studies have shown that mice with β cell-specific targeted disruption of INSR or IRS2 are born with normal islet mass that exhibits a failure to expand due to lack of responsiveness to normal growth signals over time (45, 46) . Although increased islet mass is characteristically associated with insulin resistance, it can also be found in models of increased insulin action, such as transgenic mice expressing a constitutively activated form of Akt1 (47) . We propose that islets in Socs7 -/-mice exhibit a similar phenotype of increased growth in proportion to increased insulin signaling.
SOCS7 as a regulator of IRS function. Several of our findings suggest a role for SOCS7 in regulating IRS protein stability and function. When IRS1 is coexpressed with SOCS7 in HEK293 cells, IRS1 protein levels are reduced. This apparent degradation coincides with the cellular accumulation of ubiquitinated IRS1 when the proteasome is blocked. These data suggest that SOCS7 is sufficient for IRS1 ubiquitination and degradation. In wild-type cells, chronic insulin stimulation of MEF cells causes a reduction of IRS protein levels; this phenotype is also reversible with the inclusion of proteasome inhibitors (2, 3) . This reduction is not observed in Socs7 -/-MEF cells, which suggests that SOCS7 is necessary for insulin-stimulated IRS1 protein degradation in this cell type. Our insulin-dependent adipocyte differentiation assay supports this conclusion. In this assay, which requires incubation with insulin for several days, we found increased differentiation, a surrogate measure of insulin action, in Socs7 -/-MEF cells. Perhaps the strongest evidence for a role in regulation of insulin signaling is the increased responsiveness of Socs7 -/-mice to ITTs and GTTs. These experiments measure the whole-body response to insulin and glucose, and the results obtained cannot be explained by differences in body mass or insulin levels. Lastly, we find increased islet size in Socs7 -/-mice, which may also be suggestive of increased insulin sensitivity. Together, these results suggest an essential, nonredundant role for SOCS7 in regulation of IRS1 and insulin signaling in vivo.
Role of SOCS proteins in adipocyte differentiation. Insulin signaling is essential to initiation of embryonic fibroblast differentiation into adipocytes. The evidence supporting this idea comes from gene ablation studies of IRS1 or IRS2, which exhibit partial defects in adipogenesis (31) . In contrast, improved insulin signaling is reported for both Socs1 and Socs3 deficiency; however, increased adipogenesis is only found in Socs1 -/-cells (23, 26) . The results of increased adipogenesis found in Socs7 -/-MEF cells are consistent with the increased insulin signaling seen in vivo. Although these results would predict an increased percentage of body fat in Socs7 -/-mice in vivo, there is no significant difference in adiposity by 8 weeks of age. In mice 9 months of age, we detected large weight variations (> 10 grams) among littermate mice of the same genotype. We believe that these differences stem from the mixed genetic background of these mice. Furthermore, both wild-type and knockout animals on the mixed background resisted dietinduced obesity (data not shown), ostensibly due to the 129S6 component of the genetic background (43, 44) . Hence, our failure to see an in vivo correlate to increased fibroblast differentiation is confounded by these factors. In summary, our data suggest that SOCS7 is an important regulator of insulin signaling and glucose homeostasis in mice. The definition of the salient regulatory system(s) that affect insulin may lead to greater understanding of the dysregulation present in type 2 diabetes.
Methods
Generation and identification of mutant mice. A 129X1/SvJ (formerly 129/SvJ) mouse genomic library (Stratagene) was screened with a mouse Socs7 expressed sequence tag (GenBank accession number 6256472) BamHI fragment as a probe. Exon/intron boundaries were determined by restriction enzyme mapping. A 17-kb NotI-NotI fragment of a positive clone was subcloned into pBluescript. To generate the targeting construct, a 9-kb HindIII fragment containing 5′ Socs7 genomic DNA and a 1.3-kb SmaIXbaI fragment containing 3′ sequence were first cloned into pBluescript (Stratagene) and then into EcoRI/KpnI sites and XhoI/NotI sites of pPNT, respectively. The targeting construct was linearized with NotI and electroporated into CJ7 ES cells. Transfectants were selected in G418 (300 µg/ml) and ganciclovir (2 µM). Drug resistant-colonies were analyzed for homologous recombination by Southern blot following digestion with BglII and hybridized with a 3′ probe ( Figure 1A) . From a total of 192 clones, we obtained 6 that were correctly recombined. Chimeric mice were generated by microinjection of 2 ES cell clones into E3.5 C57BL/6J blastocysts, then transferred to pseudopregnant foster mothers. Chimeric males were mated with C57BL/6J females, and germline transmission of the mutated allele was verified by Southern blot tail DNA from agouti-colored F1 offspring. Routine genotyping was determined by PCR. The sense primers derived from the Socs7 gene were 5′-CCAGCTCCAGGAGACTTAACA-3′ and 5′-CTGGTACGAGACAGCTCTGAT-3′. The antisense primer derived from
